deletion editing (insertion or deletion of nucleotides). With the development of high-throughput next-generation sequencing technologies, increasing numbers of RNA editing sites are rapidly being discovered. Accordingly, many bioinformatics tools and algorithms to identify novel RNA editing sites and semantic annotation of known information are increasingly being introduced. Each method, however, is not free from limitations. For example, numerous false positives are found in the newly discovered sites.
Introduction
RNA editing is a molecular process in which nucleotide sequence change occurs within a RNA molecule after it has been transcribed by an RNA polymerase. 1) RNA editing is a rather rare molecular event and other common forms of RNA processing including splicing, 5'-capping and 3'-polyadenylation events are not usually considered as RNA editing. While extensive RNA editing (or pan-editing) can occur in some organisms, it is rather rare and usually consists of a small number of changes to the sequence of affected molecules in vertebrates. While RNA editing has been observed in different forms of RNAs including tRNA, rRNA, mRNA and miRNA in eukaryotes and their viruses, it has not been seen in prokaryotes. RNA editing occurs in some cellular organelles like mitochondria and plastids as well as in nuclei and the cytoplasm.
RNA editing is mainly classified into two categories; substitution editing (chemical alteration of individual nucleotides) and insertion/
RNA editing
The RNA modification phenomenon of uridine (U) insertion/ deletion RNA editing was discovered in the mitochondria of trypanosomatid protists in 1986. 5) RNA editing can be grouped into two basic classes-insertion/deletion editing and substitution editing. While extensive RNA editing (pan-editing) may occur in some organisms, editing in vertebrates is rare and usually consists of a small number of changes to the sequences of affected molecules. A-to-I editing is the most common form of RNA editing in mammals. 5, 6) ADAR (Adenosine DeAminases acting on RNA) are RNAediting enzymes involved in the hydrolytic deamination of Adeno sine to Inosine (A-to-I editing) [7] [8] [9] in higher eukaryotes. 10) Cto-U editing, another editing by deamination, involves cytidine deaminase that deaminates a Cytidine base into a Uridine base. Apolipoprotein B in humans is an example of C-to-U editing with the Apo B100 form having the CAA sequence which is edited to UAA, a stop codon, to create Apo B48. Apo B100, the unedited form, is expressed in the liver and Apo B48, edited by the APOBEC enzyme, is expressed in the intestines. 11) C-to-U editing is much rarer than A-to-I editing. RNA editing sites are located within introns, 5'UTRs, 3'UTRs, non-coding RNA sequences 6) and coding regions. 12) Especially, thousands of RNA editing sites have been discovered in Alu in human mRNAs. 13, 14) RNA editing may cause non-synonymous protein coding substitutions, 15) alternative splicing, alteration of the miRNA seed regions, and gene expression. 6) Many RNA editing sites have been reported to be present in a variety human diseases like epilepsy, brain ischemia, depression and brain tumors. 12, [16] [17] [18] In particular, diverse cancer-related RNA editing sites have been identified in many oncogenes like glioma associated oncogene 1 (GLI1). 19) Some RNA editing sites have an impact on drug discovery. 20) Gene products like isoforms are created by RNA editing affecting drug activities. 19) Recent development of high-throughput DNA and RNA sequencing technologies have contributed to the identification of new RNA editing sites and editing types such as T to C, T to A, C to A, C to T, G to T, C to G and G to C. 21) The results from these new techniques suggest that RNA editing is strongly connected to human phenotypes including several diseases. 22) Currently, one big challenge in RNA editing research is the correct identification of RNA editing sites from noisy RNA-Seq data by discriminating true RNA editing sites from Single Nucleotide Polymorphisms (SNPs) and technical artifacts caused by sequencing and analysis error.
23)
For these reasons, bioinformatics approaches for RNA-Seq data analysis and identifying RNA editing sites are becoming more important. Thus, the following section discusses RNA-Seq data analysis pipelines to identify RNA editing sites and introduce bioinformatics tools and databases.
DNA-Seq and RNA-Seq data preprocessing for RNA editing research 
Database resources
Since the development of high-throughput DNA and RNA se quencing methods, large numbers of novel editing sites have been discovered. Most of the database resources (Table 1) provide known RNA editing site information curated from the literature. dbRES 31) is a web-oriented database for annotated RNA editing sites manually collected from the literature with related experiment results and the GeneBank database.
32) DARNED (DAtabase of RNa
EDiting in humans) 33, 34) is the largest database of human RNA editing sites with approximately 500,000 human RNA editing sites providing a centralized access to published data. RNA editing locations are mapped on the reference human genome with the annotation information including the region, gene, reference source and reference PubMed id. DARNED also contains 8,500 RNA editing events in Drosophila melanogaster and Mus musculus. 33) It generates a Wikipedia subsection on RNA editing entries for 16 genes and Alu repeats. REDIdb 35) and GOBASE 36) contain RNA editing sites in mitochondrion and chloroplast-encoded sequences. miR-EdiTar 37) contains predicted A-to-I RNA editing sites in miRNA binding regions.
Discovery of novel RNA editing sites
Novel RNA editing sites were discovered from a variety of human samples including B cells from 27 individuals 22) and the Han Chinese population 27) as well as from cell lines. 1) One of the popular methods is to compare RNA and DNA sequences obtained from the same sample, returning RNA-DNA differences (RDDs). After detecting the RDDs, a variety of biological resources like the 1000 genome,
38)
HapMap 39) and dbSNP 40) are used to filter known SNPs from the RDDs. DARNED 33, 34) is also used to filter known RNA editing sites.
Two methods for identifying RNA editing sites have recently been proposed based on RNA-Seq data from multiple samples of a single species.
23) The first method performs RNA variant calling for each RNA-Seq data after mapping sequence reads to a genomic reference sequence and filtering known SNPs. The second method performs sequence alignments using pooled reads from different RNA-Seq samples to select a higher read coverage.
After alignment, it performs RNA variant calling and filters known SNPs. Given the fact that the DNA-RNA paired dataset is very rare, these methods have merits. RddChecker (http://genomics.jhu.edu/ software/rddChecker/) is a representative tool for identifying RDDs and novel RNA editing sites using DNA and RNA sequencing data (Table 1) . A large number of false positives are the major problem with these methods. Li et al., for example, reported that they found 28,848 RDDs with 12 different RNA-editing types including A to G (I) 22) but many studies have claimed false positives from the same dataset.
2-4)

Annotation of RNA-Seq data with known editing sites
RDDs obtained from the comparison a RNA-Seq with a reference genome sequence are annotated with known RNA editing sites queried from RNA editing databases like DARNED 33, 34) 
Conclusion
RNA Editing is an important post-transcriptional mechanism, altering the sequence of primary RNA transcripts by deleting, inserting or modifying residues. Many studies are performing experiments to discover RNA editing sites. Each method for identifying RNA editing sites, however, has limitations. Novel RNA editing site detection methods suffer from false positives.
Known RNA editing site annotation methods are not sufficient in discovering novel RNA editing sites. Researchers should carefully consider experimental conditions and analysis methods. Due to the limitations of the current state of the art tools used in investigating RNA editing sites, one has to benchmark and test drive different methods and knowledge bases to achieve the best results. Better bioinformatics tools will emerge. We hope this review suggests a reasonable guideline for the identification of RNA editing sites using DNA and/or RNA sequencing data.
